ceived considerable interest in the area of the pathogenesis of cirrhosis, its contribution to portal hypertension, and the possibility that endothelin antagonists might be used in the treatment of portal hypertension (16) .
It has been established that levels of ET-1 are increased in the liver after liver injury, and that the cellular source of enhanced ET-1 production is the hepatic stellate cell (13, 19) . ET-1 binds to one of two major ET receptors, known as ET-A and ET-B. In the liver, ET-A receptors are found on vascular smooth muscle cells and hepatic stellate cells whereas ET-B receptors are found on sinusoidal endothelial cells and hepatic stellate cells. These G protein-coupled receptors signal to a cell contraction mechanism in some cells (4) , whereas in endothelial cells ET-1 binding to the ET-B receptor leads to Akt activation and subsequently endothelial nitric oxide synthase (eNOS) activation (10) .
In the liver, both endothelin receptor A and B are upregulated after liver injury, the increase in expression appears attributable primarily to hepatic stellate cells (6, 36) . Importantly, endothelin induces contraction of each stellate cells (20) and the hepatic sinusoid (38) and cell contraction is enhanced in stellate cells from cirrhotic rat livers and in the intact liver (21) . Thus it has been proposed that increased hepatosplenic production of endothelin contributes to portal hypertension by mediating intrahepatic stellate cell contraction and an increase in hepatic sinusoidal tone. This concept has been supported by studies in animal models of portal hypertension that have shown that administration of endothelin antagonists reduces portal pressure (21, 25) .
Although present data emphasize the importance of endothelin in the liver, the physiological function of each the ET-A and ET-B receptors in the liver remains unclear. Given what is known about the functional effects of the different endothelin receptors, we have hypothesized that ET-A and ET-B receptors are likely to mediate divergent physiological effects and may therefore have differing effects in the liver. Thus we have aimed to examine the effect of antagonism of specific endothelin receptors in normal and in portal hypertensive mice, both acutely and chronically.
MATERIALS AND METHODS
Animal model of cirrhosis. Carbon tetrachloride (CCl4, 2 ml/kg in a 1:1 corn oil mix) was administered to 8-wk-old male BALB/c mice by gavage for 8 wk (2 doses/wk). Age-matched mice given corn oil alone served as controls. All animals received humane care according to National Institutes of Health (NIH) guidelines; studies were performed after approval by the University of Texas Southwestern Institutional Animal Care and Use Committee.
Acute endothelin antagonism. To further understand the endothelin system in liver disease, we studied acute and chronic effects of endothelin antagonists. Part of our rationale for study with the specific endothelin nonpeptide antagonists chosen is that their pharmacological characteristics have been extensively studied (5, 29 -34) .
For determining the effect of acute exposure to endothelin antagonism, an ET-A receptor-selective antagonist (A-147627, also ABT-627, Abbott Laboratories, Abbott Park, IL), an ET-B receptor-selective antagonist (A-192621, Abbott Laboratories), and a mixed ET receptor antagonist (A-182086, Abbott Laboratories) were administered in a final concentration of 2 M in saline intravenously (0.1 ml iv) to cirrhotic and control animals. Compounds were administered in a slow continuous bolus (given over 1 min). We performed several dose-finding experiments, including doses of all compounds from 2 mM to 2 nM. A final concentration of ultimately 2 M was chosen based on previously published IC 50 data (Table 1 ) and the predicted final concentrations of 0.32, 32, and 3.2 nM for A-147627, A-192621, and A-182086, respectively.
Chronic endothelin antagonism. In chronic endothelin antagonism experiments, animals were divided into five groups as follows: 1) corn oil control, 2) CCl 4-induced cirrhosis control, 3) CCl4 ϩ ET-A receptor antagonist (A-147627 was given daily by gavage at a dose of 50 mg/kg), 4) CCl 4 ϩ ET-B receptor antagonist (A-192621 was given daily by gavage at a dose of 40 mg/kg), and 5) CCl4 ϩ mixed ET receptor antagonist (A-182086 was given daily by gavage at a dose of 30 mg/kg). Doses given were determined on the basis of previous reports of in vivo pharmacological half-life measurements and of recommendations by the manufacturer, also based on their experience with the compounds (5, 9, 27, 29, 30, 32, 33) . Half-life characteristics after oral dosing have been reported in a variety of mammals including human, monkey, dog, rat, and/or mouse (approximate plasma half-life in rodents is as shown in Table 1 In vivo microscopy. Mice were anesthetized and the jugular vein was catheterized for administration of experimental substances. The liver was freed and displaced onto a glass coverslip embedded in a petri dish in which the animal was placed. The liver was immobilized by placing another glass coverslip on top of it. The liver vasculature was visualized by use of an inverted microscope (Nikon Eclipse TE 300) equipped with a ϫ10 plan apo objective and a charge-coupled device camera (Nikon DXM 1200). Time-lapse video recordings of liver sinusoids were created during intravenous administration of specific agents (i.e., 0.9% saline, ET receptor antagonists), then analyzed with image analysis software (MetaVue, Universal Imaging). Random fields were chosen, and then a threshold level of gray corresponding with sinusoids was assigned. The thresholded area was systematically quantitated as described (3) .
Morphometry. Livers were fixed in 10% phosphate-buffered formalin for 48 h at 4°C, washed twice with water, stored in 70% ethanol at 4°C, and embedded in paraffin. Five-micrometer sections were stained with picrosirius red (Sigma) and counterstained with methyl green (Sigma). The proportion of tissue stained with picrosirius red content was assessed by morphometric analysis with MetaView software (Universal Imaging, Downingtown, PA) as described (17), and collagen stained with picrosirius red was quantitated in the sections that were randomly chosen (under ϫ10 magnification, 10 fields each from a sample).
Immunohistochemistry. Livers were fixed as above, and 5-m sections were deparaffinized and incubated with blocking mixture containing PBS and BSA. Sections were incubated with Cy3-conjugated monoclonal anti-smooth muscle ␣-actin antibody (1:200, Sigma) overnight at 4°C. Sections were washed, mounted, and photographed (Nikon Eclipse TE 300, equipped with epifluorescence).
Statistics. Data are expressed as means Ϯ SE. Statistical analysis was conducted by use of Microsoft Excel and SigmaStat (SPSS). The Mann-Whitney test was used for statistical comparisons among groups. The Student's t-test was used for statistical comparisons between two groups. For calculation of mean values and statistical variation, n indicates the number of experiments. Error bars depict the standard error. P values less than 0.05 were considered statistically significant. Fig. 1 . Effect of acute administration of endothelin receptor antagonists on portal vein pressure (PVP) in normal and cirrhotic mice. Mice were exposed to either corn oil alone (control, A) or carbon tetrachloride (CCl4, B) as described in METHODS. After anesthesia, portal pressure was measured continuously, also as in METHODS. Specific antagonists to endothelin receptors ET-A and ET-B as well as a mixed receptor antagonist were injected intravenously (100 l of 2 mol compound). The maximum change in portal pressure is shown (after a maximum observation period of 15 min) (n ϭ 6, *P Ͻ 0.01 for postinfusion pressure compared with preinfusion pressure). (34) . †Vassileva et al. (29) and Von Geldern et al. (31) . ‡Wessale et al. (32) and Wu-Wong et al. (34) .
RESULTS
Continued CCl 4 treatment resulted in grossly nodular livers as described (3), which upon histological examination demonstrated bridging fibrosis. In normal animals (i.e., those exposed to corn oil alone), basal mean PVP was 2.99 mmHg (Fig. 1A) , compared with 4.01 in CCl 4 -treated mice (Fig. 1B) (n ϭ 6, P Ͻ 0.01 for normal compared with CCl 4 -treated mice).
Effect of acute intravenous administration of endothelin receptor antagonists on PVP and sinusoidal volume. Intravenous infusion of saline had no effect on PVP in either normal or CCl 4 -treated mice (Fig. 1) . Infusion of the ET-A receptor antagonist led to a small but significant reduction in PVP in normal mice (Fig. 1A) . In contrast, infusion of the ET-B receptor antagonist caused a significant increase in PVP. The mixed ET receptor antagonist also caused a reduction in PVP. In cirrhotic mice, basal PVP was higher at baseline than in normal mice (Fig. 1) . Furthermore, infusion the ET-A receptor antagonist and the mixed antagonist led to a reduction in PVP whereas infusion of the ET-B receptor antagonist caused a significant increase in PVP (Fig. 1B) . Of note, neither the ET-A receptor antagonist nor the mixed ET receptor antagonist reduced PVP in cirrhotic mice to normal levels.
We next measured acute changes in sinusoidal diameter in response to administration of the ET receptor antagonists by in vivo microscopy (Fig. 2) . In normal mice, sinusoidal features were readily visible and exhibited characteristic features (3) (Fig. 2A) . In contrast, in CCl 4 -induced injury, fibrosis, cirrhosis, and portal hypertension, the sinusoids appeared markedly attenuated (Fig. 2B) .
In normal mice, saline infusion increased sinusoid area by ϳ10%, consistent with an increase in total intravascular volume during the infusion and consistent with previous reports (3) (Fig. 3A) . Also, in normal mice, intravenous administration of the ET-A receptor antagonist led to a significant increase in sinusoidal volume, whereas infusion of the ET-B receptor antagonist decreased sinusoidal volume compared with the saline control (Fig.  3A) . The effect of the mixed ET antagonist was similar to that of the ET-A receptor antagonist. Of note, we have previously vali- Chronic liver injury resulted in reduction of the numbers of sinusoids (Fig. 2) ; the sinusoids per high-power field (HPF) in normal livers was 21.1 Ϯ 5.4 (n ϭ 8 random fields from 8 different livers) compared with 7.1 Ϯ 2.2 (n ϭ 8 random fields from 8 different livers; P Ͻ 0.01 for normal vs. injured) in injured livers. After liver injury, the patterns of change in sinusoidal volume in response to acute administration of endothelin receptor antagonists were similar to those in normal mice, including the fact that the ET-A receptor antagonist and the mixed antagonist led to an increase in sinusoidal volume whereas infusion of the ET-B receptor antagonist caused a significant decrease in sinusoidal volume (Fig. 3B) . The changes in sinusoidal volume both for normal mice and in injured mice were inversely related to portal pressure (Figs. 1  and 3) .
Finally, since changes in sinusoidal diameter could theoretically result from changes induced simply by portal vein dilation (as a result of endothelin antagonism), we specifically asked whether we could detect visual changes (using electronic calipers and a dissecting microscope/objective) in the portal vein during in vivo microscopy. When observed by in vivo microscopy, we did not observe changes in portal vein size after acute infusion of any of the endothelin antagonists (n ϭ 3 for each).
Effect of chronic administration of ET receptor antagonists on PVP and liver fibrogenesis. We next assessed the effect of concomitant ET receptor antagonism during liver injury on PVP. As before, chronic administration of CCl 4 led to a significant increase in PVP compared with control (Fig. 4) . Each of the endothelin receptor antagonists led to a reduction in PVP, and all to approximately the same degree, although the effect of dual receptor antagonism was slightly, though not statistically significantly, greater (Fig. 4) . Chronic administration of ET receptor antagonists did not appear to affect the above-alluded-to reduction in the numbers of sinusoids per HPF in injured livers. Figure 5 shows the morphological response to CCl 4 administration. Picrosirius red staining of the liver demonstrated a substantial increase in fibrosis in CCl 4 -treated livers, in a pattern of portal-portal and portal-central bridging, as previously described (24) (Fig. 5A) . Smooth muscle ␣-actin expression in the liver mirrored that of collagen stained by picrosirius red (Fig. 5B) .
When fibrosis was quantified by morphometric methods, each of the endothelin receptor antagonists caused a reduction in fibrosis and smooth muscle ␣-actin expression (Fig. 6) . Interestingly, the ET-B receptor antagonist alone caused the greatest reduction in fibrosis (Fig. 6B ), although this difference was not statistically different from that of either the ET-A receptor antagonist alone or the mixed receptor antagonist. Expression of smooth muscle ␣-actin was similar to that of Fig. 3 . Endothelin receptor antagonists acutely modulate hepatic sinusoidal diameter in normal and cirrhotic mice. Mice and infusion of endothelin receptor antagonists were as in Fig. 2 . Microscopic images were obtained by in vivo microscopy as described in METHODS; in brief, time-lapse video recordings of liver sinusoids were created and sinusoidal volume was quantitated as described in METHODS (the maximum change in sinusoidal diameter over 15 min was used in evaluation of the quantitative effect of antagonists). As a control, the same volume of vehicle was infused (saline) as in endothelin antagonist experiments. A: change in sinusoidal diameter in normal mice (n ϭ 6, *P Ͻ 0.01 for postinfusion sinusoidal diameter compared with sinusoidal diameter after saline infusion). B: change in sinusoidal diameter in cirrhotic mice (n ϭ 6, *P Ͻ 0.01 for postinfusion sinusoidal diameter compared with sinusoidal diameter after saline infusion). picrosirius red with the exception of that for the ET-A receptor antagonist, in which the expression of smooth muscle ␣-actin was slightly lower than for picrosirius red (Fig. 6 ). Type I collagen mRNA expression was measured in the mixed receptor model and was found to be significantly reduced after endothelin receptor antagonism, similar to that with picrosirius red and similar to previous work (17) . This result is consistent with previous data showing that type I collagen mRNA correlates closely with type I collagen mRNA and hydroxyproline expression in rodent models of fibrogenesis (35) .
DISCUSSION
In this study, we have provided further evidence to support the importance of the endothelin system in liver injury and portal hypertension. An advance of the work is to demonstrate in a mouse model of liver injury, fibrogenesis, and portal hypertension the relative effects of the major endothelin receptor antagonists. A further advance is that we have demonstrated an inverse relationship between portal pressure and sinusoidal volume, consistent with changes in flow as previously described (3). We have specifically shown that endothelin receptor antagonists reduce portal pressure, both in the acute situation and when administered chronically. Finally, the work suggests that there may be endothelin receptor specificity in biological outcomes.
We suspect that the cellular targets of ET-1 in the liver are likely to be diverse. ET-A receptors are present on both hepatic stellate cells and vascular smooth muscle cells (21) , whereas ET-B receptors appear to be present on both hepatic stellate cells and sinusoidal endothelial cells (18) . The ET-A receptor is well accepted to mediate cellular contraction, and our results demonstrating that the acute affect of ET-A receptor antagonism was to increase portal pressure and cause "constriction" of hepatic sinusoids is highly consistent with this concept.
Although our findings after acute blockade of ET-A receptors appear to be relatively straightforward, the effect of acute blockade of ET-B receptors appeared to be more complicated. We found that acute administration of the ET-B receptor antagonist caused an increase in portal pressure. One speculative mechanistic explanation is that the ET-B receptor is expressed on sinusoidal endothelial cells (18) , and it is known that sinusoidal endothelial cell production of nitric oxide (NO) in the liver is an important regulator of intrahepatic hepatic resistance (11, 23) . Thus it is possible that at a cellular level, paracrine NO (i.e., from endothelial cell to stellate or smooth muscle cell) was inhibited, facilitating cellular contraction. Although hepatic stellate cells, thought to be important regulators of sinusoidal tone by virtue of their contractile phenotype (37) , possess ET-B receptors (15) that may mediate cellular contraction, our data raise the possibility that the balance of cellular contraction and relaxation in the sinusoid may favor a critical role and effect of NO. Furthermore, the data have important translational implications, since acute blockade of ET-B generated NO production in the liver is likely to raise portal pressure.
Our work also is notable for the finding that after chronic endothelin receptor antagonism, there was a reduction in fibrosis and portal pressure. Compared with other studies, our results were both similar and different (1, 14, 17, 28) . On one hand, mixed endothelin receptor antagonists, bosentan and TAK-044, significantly reduced fibrosis in rat models (17, 28) . Another study using an ET-A receptor antagonist found that chronic blockade of the A receptor led to a markedly reduced fibrosis in a bile duct ligation model (1) . However, another study showed that rats undergoing CCl 4 induced-liver injury and receiving a mixed endothelin antagonist, Ro 48-5695, had higher hepatic hydroxyproline content and procollagen type I mRNA expression than cirrhotic animals receiving vehicle (14) . Additionally, rats receiving the endothelin antagonist exhibited increased portal pressure compared with controls. On the basis of our data and those of other studies examining the hepatic endothelin system in chronic liver disease, we are not able to provide a clear mechanistic explanation for the differences in outcomes of these studies. However, it is noteworthy that the study evaluating Ro 48-5695 had a unique study design in that animals were dosed with CCl 4 for a long time (17 wk) with very high doses of CCl 4 , and moreover the endothelin antagonist was begun substantially after injury was initiated. Furthermore, in this study, it appeared that there was a high mortality rate associated with induction of liver injury. Finally, it is possible that interrupting endothelin signaling after injury has begun (i.e., after the endothelin system has been activated) has different cell biological effects than interrupting the endothelin system early in the liver injury process.
Our data also raise the possibility that the "function" of ET receptors may vary in the normal liver and in chronic injury. For example, ET-B antagonism acutely caused an increase in portal pressure, whereas its chronic blockade in an ongoing liver injury model led to reduced portal pressure. The mechanism underlying this finding is unclear. One possibility is that the ET-B receptor has different functions in cells from the normal and injured liver. For example, in the normal liver, the ET-B receptor is found predominantly on endothelial cells, where it mediates NO release, presumably in an autocrine fashion. On the other hand, the ET-B receptor is clearly upregulated on stellate cells after liver injury, and in this setting, it has been proposed that it may in part mediate the wound healing response (i.e., via stimulating fibrogenesis and cell contraction) (8, 26) . Additionally, the ET-B receptor also appears to mediate proliferation (12) , emphasizing its diverse functional capabilities. It is further important to emphasize that endothelin synthesis is increased during hepatic wound healing (19) . Thus, in the normal liver, the data suggest that the ET-B receptor mediates NO production, which is presumably important in maintenance of sinusoidal relaxation, whereas in the injured liver the ET-B receptor mediates the fibrogenic and contractile response by hepatic stellate cells; in this setting, blocking this effect leads to specific antifibrogenic and portal hypertensive responses.
Although we believe that a primary site of action of the endothelin antagonists used in this study was in the liver itself, we cannot exclude the possibility that the effects of the endothelin antagonists were outside of the liver. For example, in rats with cirrhosis, it has been reported that a mixed ET receptor antagonist decreased portal pressure in vivo by reducing hepatocollateral vascular resistance (2) .
Finally, our findings have several therapeutic implications. For example, acute administration of an endothelin receptor antagonist could acutely reduce portal pressure (for example in patients with esophageal variceal hemorrhage). In such a setting, the selectivity of the antagonist is likely to be important (i.e., blockade of the ET-A receptor would appear to be more desirable than of the ET-B receptor). The other area in which there are therapeutic implications of the work is in chronic liver disease. In this setting, chronic blockade of endothelin receptors may lead to reduced fibrogenesis, and perhaps portal hypertension. Here, blockade of either ET-A or ET-B receptor may be advantageous, and in the context of the concept that the ET-B receptor may be a key mediator of fibrogenesis and fibrosis, it is possible that antagonism of either or both of the endothelin receptors may be beneficial. Thus, to move this field forward, it will be critically important to consider the biological effects of each receptor subtype when considering therapeutic intervention.
